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Cellular DNA damage response is critical to preserving genomic integrity following expo-
sure to genotoxic stress. A complex series of networks and signaling pathways become ac-
tivated after DNA damage and trigger the appropriate cellular response, including cell cycle
arrest, DNA repair, and apoptosis. The response elicited is dependent upon the type and ex-
tent of damage sustained, with the ultimate goal of preventing propagation of the damaged
DNA. A major focus of our studies is to determine the cellular pathways involved in pro-
cessing damage induced by altered helical structures, specifically triplexes. Our lab has
demonstrated that the TFIIH factor XPD occupies a central role in triggering apoptosis in re-
sponse to triplex-induced DNA strand breaks. We have shown that XPD co-localizes with
yH2AX, and its presence is required for the phosphorylation of H2AX tyrosine142, which
stimulates the signaling pathway to recruit pro-apoptotic factors to the damage site. Herein,
we examine the cellular pathways activated in response to triplex formation and discuss our
finding that suggests that XPD-dependent apoptosis plays a role in preserving genomic in-
tegrity in the presence of excessive structurally induced DNA damage.

INTRODUCTION strand breaks (DSBst), mispaired bases, and

Humans are faced with the fundamental
problem that the form in which their genetic
material is stored is not chemically inert. As
a result, DNA integrity is challenged daily
by the damaging effects of numerous chem-
ical and physical agents. These events result
in various DNA lesions, including double

helix-distorting lesions. If left unrepaired,
these lesions can lead to mutations and even-
tually result in hereditary disease or cancer
[1]. To counteract the potentially devastat-
ing effects of endogenous and exogenous
genotoxins on genomic integrity, all organ-
isms have evolved an intricate balance be-
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tween two essential pathways, DNA repair
and apoptosis [2]. As the first line of defense
against genotoxic insult, a network of DNA
repair systems is in place to process specific
types of DNA damage. These major repair
pathways are categorized as homologous re-
combinational repair (HRR), non-homolo-
gous end joining (NHEJ), nucleotide excision
repair (NER), base excision repair (BER),
and mismatch repair (MMR) [3-5]. The im-
portance of functional repair systems is
demonstrated in the number of human dis-
eases resulting from defects in DNA repair
pathways, such as Fanconi anemia (FA),
Cockayne syndrome (CS), Xeroderma pig-
mentosa (XP), and Bloom syndrome (BS)
[6,7].

Alternatively, if too much damage has
been sustained, apoptosis plays an important
role in maintaining genomic integrity by
providing a mechanism by which a cell can
actively control its own death [8-10]. This
process offers the cell a “fail-safe” mecha-
nism that can be activated if the repair net-
works become overwhelmed by significant
levels of DNA damage and thus inefficient
at repair. However, a key issue exists as to
how the cell triggers the switch from repair
to apoptosis in the presence of excessive
DNA damage. This mechanism is critical in
avoiding progression to cancer, because it
prevents expansion of cells that contain po-
tential disease initiating mutations. In this
overview, we focus on the DNA damage re-
sponse to helix-distorting lesions and dis-
cuss our studies aimed at identifying
proteins that not only contribute to cell sur-
vival by participating in the repair of altered
helical structures but also occupy a central
position in stimulating the cell to activate
apoptosis in the presence of excessive struc-
turally induced DNA damage.

ENDOGENOUS TRIPLEX DNA AND
GENOMIC INSTABILITY

The human genome consists of se-
quence patterns that can adopt a variety of
alternative structures in addition to the dou-
ble-helical B-conformation described by
Watson and Crick in 1953 [11]. For exam-
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ple, H-DNA (triplex) formation is favored
by sequences that contain mirror repeat sym-
metry and occurs at purine/pyrimidine tracts
[12-14]. These sequences can assume an H-
DNA conformation when the polypurine
tract becomes disrupted into single strands
as a result of the energy provided from su-
percoiling. One of the dissociated single
strands can fold backward and associate in a
parallel orientation with the purine-rich
strand in the remaining duplex. This results
in the formation of a structure that has an un-
paired single-stranded region and a three-
stranded helical region via non-Watson
Crick interactions.

Over the past several years, research
has established that 1 in every 50,000 base
pairs within the mammalian genome con-
tains a mirror repeat sequence with the po-
tential to generate an H-DNA structure [15].
Formation of these structures causes severe
genomic alterations and represents an en-
dogenous source of genomic instability [16-
18]. These sequences are typically found in
promoters and exons and are believed to be
involved in the regulation of expression of
several disease-linked genes [19-22]. For in-
stance, the translocation and overexpression
of the c-myc gene observed in some tumors
has been attributed in part to a H-DNA
forming sequence located in the promoter
region of the gene [19]. By using the en-
dogenous H-DNA forming sequences found
in the human c-myc promoter, Wang et al.
have shown that these sequences are intrin-
sically mutagenic in mammalian cells [18].
In addition, DSBs were detected near the H-
DNA locus, suggesting that this structure is
a source of genetic instability. Further sup-
porting this hypothesis, many breakpoints
on the translocated gene are clustered
around the triplex-forming sequences in the
promoter region of Burkitt’s lymphoma
[23]. These findings suggest that the H-DNA
structures result in fragile sites or mutation
hot spots, which can lead to DSBs and sub-
sequent translocation of the gene. Com-
bined, these findings demonstrate that
naturally occurring DNA sequences capable
of forming triplex structures represent an en-
dogenous source of genomic instability.
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TRIPLEX-FORMING
OLIGONUCLEOTIDES

In 1957, Felsenfeld and Rich revealed
that nucleic acids can also interact to form
triplex structures [24]. Synthetic triplex DNA
can be generated at polypurine/polypyrimi-
dine sequences when oligonucleotides serve
as the third strand and bind to duplex DNA
through specific major groove interactions
[25]. These structures occur oriented either
parallel or anti-parallel to the purine strand of
the duplex. In the parallel motif, a pyrimidine-
rich oligonucleotide binds parallel to the
purine strand of duplex DNA via Hoogsteen
bonds with the canonocial triplets being T.A: T
and C.G:C. Because protonation at the N3 po-
sition of cytosine is required for proper Hoog-
steen binding with N7 guanine, pyrimidine
oligonucleotides do not usually bind to DNA
at physiological pH without further modifica-
tion. In the anti-parallel motif, a homopurine
oligonucleotide binds anti-parallel to the
purine strand in the duplex via reverse Hoog-
steen hydrogen bonds where the triplets are
A.A:T and G.G:C. The canonical base triplets
formed by either Hoogsteen or reverse Hoog-
steen hydrogen bonds provides sequence-
specificity between the target duplex and the
triplex-forming oligonucleotide (TFO).

The formation of triplex structures via
TFOs induces significant structural distor-
tions in the target duplex [26-31]. Crytallo-
graphic studies on triplex structures reveal
large changes in the phosphate backbone
torsion angles of the purine-rich strand [32].
In addition, lower twists and higher opening
angles of the Watson and Crick pairs at the
duplex-triplex junction indicate that the tran-
sition from duplex to triplex results in partial
unwinding of the DNA [32]. These triplex-
induced changes in the parameters of the
DNA double helix likely mediate induction
of several cellular DNA metabolic re-
sponses, such as repair. Because the triplex
region found in H-DNA is similar in struc-
ture to intermolecular triplexes formed by
TFOs, they represent an excellent model to
study naturally occurring non-canonical
structures and advance our understanding of
the mechanisms activated in response to
structurally induced DNA damage.
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TRIPLEX-INDUCED DOUBLE
STRAND BREAKS

Endogenous triplex structures are spec-
ulated to be responsible for some genomic
breakpoints in common chromosomal
translocations observed in cancers such as
leukemia, lymphoma, and sarcoma [33-35].
Our lab has now determined that triplex for-
mation via TFOs can also act as a fragile site
resulting in DSBs [36]. Neutral comet as-
says determined that TFOs were capable of
inducing significantly more DSBs in cells
containing multiple triplex target sites com-
pared to a control oligonucleotide, which
cannot bind as a third strand. Given this re-
sult, we initiated several studies that utilized
YH2AX as a quantitative marker for DSBs
and confirmed the presence of DSBs after
triplex formation by Western blot analysis
and immunofluorescence microscopy [36].
Flow cytometry studies staining for yH2AX
in the presence of propidium iodine ensured
that YH2AX foci formation was indeed a
hallmark of DSBs and was not generated in
the course of DNA fragmentation during
apoptosis. Although triplex-induced yYH2AX
expression was determined to be cell cycle-
independent, persistent YH2AX signal for up
to 24 hours after TFO treatment demon-
strated that many sites marked by YH2AX
foci remained unrepaired. These results sug-
gest that formation of multiple triplex struc-
tures can generate substantial DSBs, which
can overwhelm the repair capacity of the cell
[36].

We have extended these studies in vivo
and have explored the potential for triplex
structures to induce DSBs in animals [36]. A
transgenic mouse model with multiple copies
of the triplex target site chromosomally inte-
grated into its genome was used to evaluate
damage generated by triplexes [37]. Im-
munohistochemistry staining for YH2AX in
spleen samples harvested from TFO-treated
mice determined that there was an increase in
the percentage of cells positive for YH2AX
compared to mice treated with PBS or a con-
trol oligonucleotide, implicating the presence
of triplex-induced DSBs. In relevant work,
Wang et al. have developed a mouse model
that incorporates the naturally occurring H-
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DNA sequence found at the breakage hotspot
in the human c-myc promoter [38]. This
group had previously reported that this natu-
rally occurring sequence was highly muta-
genic and induced double strand breaks in
mammalian cells [18]. Large-scale chromo-
somal deletions and translocations were ob-
served in regions of the H-DNA sequence in
approximately 8 percent of the animals car-
rying the c-myc sequence, thus implicating
DNA structure in chromosome breakage [38].

NUCLEOTIDE EXCISION REPAIR
AND TRIPLEX STRUCTURES

Studies have shown that the more a le-
sion distorts the normal helical structure, the
more efficiently it is repaired [39]. The abil-
ity of TFOs to bind to undamaged duplex
DNA and stimulate repair was demonstrated
using an assay to measure the induction of re-
pair synthesis [40,41]. Research has deter-
mined that a TFO bound to its target site on a
supercoiled plasmid creates a helical distor-
tion that strongly provokes DNA repair syn-
thesis in HeLa extracts supplemented with
a-"P dCTP and an ATP regenerating system
[40,41]. Increased a-"P dCTP incorporation
was detected following incubation of the TFO
with the target plasmid compared to a control
plasmid, which lacks the target site, indicat-
ing TFO-induced DNA repair synthesis.

Detection of TFO-induced repair synthe-
sis prompted investigation into which repair
pathway was responsible for recognition and
repair of this type of lesion. The nucleotide ex-
cision repair (NER) pathway occupies an im-
portant position in repairing a wide array of
helix-distorting lesions [39,42]. The common
denominator in NER-recognized lesions can
be attributed to significant chemical or phys-
ical distortion of the DNA helix. As a result,
we hypothesized that triplex structures were
identified as a lesion by the NER pathway. In
order to determine whether NER participated
in the repair of triplex structures, we repeated
the DNA repair assay using XPA-depleted
HeLa extracts. As a major contributor to the
NER pathway, the XPA protein is responsible
for validating the altered DNA structure and
recruiting the remaining NER proteins to the
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damage site. Immunodepletion of XPA from
the extracts resulted in a substantial reduction
in the ability of the TFOs to induce repair syn-
thesis [41]. These results were verified by
conducting experiments, which comple-
mented the XPA-depleted extracts with puri-
fied XPA protein and observing a restoration
in repair activity [41]. Additional studies from
other laboratories have also demonstrated by
gel shift analysis that the NER proteins XPA
and RPA are involved in the recognition of
triplex lesions [43].

Subsequent studies have also investi-
gated the role of transcription-coupled NER
(TC-NER) in the processing of triplex struc-
tures [44]. Triplex formation has been previ-
ously determined to specifically inhibit gene
transcription on a plasmid in HeLa nuclear ex-
tracts. Additional studies demonstrated that
TC-NER was important for the repair of the
triplex structure and restoration of gene tran-
scription. In fact, the degree of TFO-induced
TC-NER repair activity coincided with the
level of transcription [44]. When the extracts
lacked individual transcription components
such as TFIIB, TFIIH, or RNA Pol II, inhibi-
tion of repair was evident, thus suggesting that
triplex-induced repair synthesis was related to
transcription. Additional experiments also in-
dicate that the ability to repair TFO-induced
structures was altered in nuclear extracts defi-
cient in the transcription factor CSA (defec-
tive in TC-NER), implying the importance of
TC-NER. In addition to TC-NER, evidence
for global genome NER (GG-NER) partici-
pating in resolving TFO-associated lesions
provided evidence that repair of triplex struc-
tures takes place outside of the actively tran-
scribed regions. XPC, the primary recognition
factor of the GG-NER sub-pathway, was de-
termined to be required for the repair of TFO-
induced triplex structures. Given these results,
the conclusion can be drawn that both TC-
NER and GG-NER subpathways are involved
in the repair of triplex structures.

TRIPLEX FORMATION ACTIVATES
APOPTOSIS

TFOs create helical distortions upon
binding to duplex DNA that strongly pro-
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voke NER-dependent repair [40,41]. Our
current work has now established that these
structures also form a severe enough alter-
ation in the DNA double helix to induce
enough DNA damage and activate apoptosis
[36]. Studies conducted in our laboratory
have demonstrated a decrease in cell survival
that was proportional to an increase in the
formation of triplex structures, indicating
that excessive DNA damage induced by hel-
ical distortions can lead to cell death. Using
quantification of Annexin V binding to ex-
posed phosphatidylserine residues in the cell
membrane as an early marker for apoptosis,
we determined that the observed cell death
resulted from activation of an apoptotic path-
way. Our research also confirmed that the
observed apoptosis can be attributed to the
generation of triplex structures and not to
nonspecific toxicity created by the oligonu-
cleotide itself, since apoptosis was not ob-
served with a non-triplex-forming control
oligonucleotide [36]. Importantly, we also
demonstrated that in vivo triplex formation
could also elicit an apoptotic response. Im-
munohistochemistry staining of activated
caspase 3 can be utilized as an apoptotic
marker. Examination of spleen tissue sam-
ples obtained from TFO-treated mice re-
vealed that 26 percent of their spleen cells
were positive for activated caspase 3, while
tissue samples obtained from control ani-
mals, which lack the triplex target site, were
void of activated caspase 3 [36].

NER PROTEINS INVOLVED IN
APOPTOSIS

Based on the finding that triplex-in-
duced DNA damage can activate an apop-
totic response, we proceeded to investigate
which proteins were responsible for main-
taining a balance between NER-dependent
repair and apoptosis after triplex formation.
Cellular DNA-repair pathways involve pro-
teins that have roles in other DNA metabolic
processes in addition to their function in
DNA damage removal [2]. Key proteins that
contribute to cell survival by acting in DNA
repair can become executioners when faced
with extreme DNA damage. Consequently,
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we hypothesized that a dual role NER pro-
tein like XPD, which contributes to repair
through its 5'—3’ helicase activity and to
apoptosis via binding to p53, may be pivotal
in maintaining the balance [45-48]. Mecha-
nistically, our work has identified a role for
XPD in the activation of apoptosis follow-
ing excessive triplex-induced DNA damage.
We found that XPD-knockdown resulted in
a decrease in apoptosis, although the same
level of triplex-induced DNA damage was
measured in the XPD-deficient cells com-
pared with XPD-proficient cells (as deter-
mined by neutral comet assay and YH2AX
foci formation). Our results support a mech-
anism where XPD is important for activa-
tion of apoptosis but not required for the
formation of triplex-induced DSBs [36].

SIGNALING PATHWAYS ACTIVATED
FOLLOWING TRIPLEX-INDUCED
DNA DAMAGE

As mentioned above, tumor suppressor
p53, a central component of apoptosis, can
bind to and inhibit the helicase activity of
XPD. We observed by Western blot that an
increase in p53 protein levels corresponded
to an increase in triplex-induced apoptosis.
Additionally, triplex-induced damage in-
creased p53 phosphorylation at serine 15,
which participates in signaling activation of
apoptosis. Conversely, we have demon-
strated a reduction in p53 (serine 15) phos-
phorylation after triplex formation in
XPD-depleted cells, further lending support
to our finding that XPD is required for
triplex-induced apoptosis [36].

In earlier work, Xiao et al. [49] and
Cook et al. [50] have independently discov-
ered that the phosphorylation status of
H2AX at tyrosine 142 (Y 142) is crucial in
determining the relative recruitment of either
DNA repair or pro-apoptotic factors to the
DSBs site. When repair is possible following
damage, Y142 is dephosphorylated and
phosphorylation of serine 139 (yH2AX) re-
cruits repair factors. However, in cases of ex-
cessive damage, Y142 is phosphorylated in
the presence of serine 139 phosphorylation,
which results in the mobilization of apoptotic
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Figure 1. Proposed model of
XPD-dependent activation of
apoptosis in response to
triplex-induced DNA damage.
The formation of triplex struc-
tures can result in DNA double
strand breaks. XPD is recruited
to the triplex-induced double
strand break and co-localizes
with yH2AX at the damage site.
H2AX tyrosine142 (Y142) phos-
phorylation is an important post-
translational modification that
differentiates between activation
of apoptosis and initiation of
DNA repair. XPD is required for
H2AX Y142 phosphorylation and
subsequent recruitment of pro-
apoptotic factors to yH2AX in re-
sponse to triplex-induced
damage.

factors. We have determined that H2AX
Y142 is phosphorylated in response to
triplex-induced DSBs, resulting in apoptosis
[36]. In further studies, we have found that
XPD is required for phosphorylation of Y142
in response to triplex-induced DNA damage.
Taking the next step, we have detected by
confocal microscopy and co-immunoprecip-
itation that XPD colocalizes with yYH2AX at
triplex-induced DSBs. These results would
suggest that an absence of XPD disrupts the
signaling pathway used to trigger apoptosis
following formation of multiple triplex struc-
tures (Figure 1).

CONCLUSIONS AND OUTLOOK

Overall, our work has determined that
triplex formation in addition to stimulating
NER-dependent repair creates a helical dis-
tortion that can activate apoptotic pathways.
Apoptosis is important for maintaining ge-
nomic integrity, especially under conditions
where the repair network is unable to effi-
ciently process DNA damage. Several
groups have established that triplex forma-
tion generated by endogenous sequences or
TFOs can induce mutations both in vitro and

in vivo [51,52]. Our experiments indicate that
the ability to activate apoptosis in response
to triplex-induced DNA damage was altered
in cells defective in XPD, resulting in an in-
crease in TFO-induce mutations [36]. The
thrust of our findings positions apoptosis as
an important pathway in triplex-induced
DNA damage response and solidifies its im-
portance in preserving genomic integrity.
Moreover, we have begun to identify the po-
tential players involved in maintaining a bal-
ance between NER-dependent repair and
apoptosis. We expect that further characteri-
zation of triplex-induced DNA damage re-
sponse will provide insight into the driving
forces responsible for making the ultimate
choice between DNA repair and apoptotic
cell death in response to genotoxic stress.
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